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摘 要 
贵金属纳米材料具有优异的催化性能，是石油化工、燃料电池和汽车尾气净
化等领域中广泛使用且不可或缺的催化剂。因催化或电催化均涉及表面反应，金
属纳米催化剂的表面结构直接决定其性能。大量金属单晶电极模型催化剂基础研
究指出：高指数晶面围成的贵金属（Pt、Pd、Au 等）纳米晶体的催化活性通常
显著优于原子紧密排列的晶面（即低指数晶面）所围成的纳米晶体。这是因为高
指数晶面具有高密度的台阶原子和扭结原子，在催化反应中这些原子组成高活性
位点。然而，由于高指数晶面具有很高的表面能，在晶体生长过程中因受到最低
总表面能的热力学限制，导致其在生长过程中趋于消失。因此，采用传统的合成
方法仅能获得一些由低指数晶面构成的纳米晶体。目前，具有高指数晶面结构的
贵金属纳米晶体的形状控制合成依然是一个巨大的挑战。 
低共熔溶剂是一种新型低共熔类离子液体，具有水溶液无法比拟的物理化学
性质如高的电导率和宽的电化学电势窗口等特性，在高指数晶面结构纳米晶体的
电化学形状控制合成中具有巨大的潜力。 
本论文中，我们以氯化胆碱-尿素基低共熔溶剂为介质，发展了非水介质中
贵金属纳米晶体表面结构控制和生长的电化学方法，成功制备了表面为高指数晶
面的贵金属（Pt、Pd和 Au）纳米晶体，所制备的这些纳米晶体具有优异的催化
活性和稳定性。取得主要结论如下： 
1. 以氯化胆碱-尿素基低共熔溶剂为介质，首次成功运用电化学法形状控制
合成了由{771}高指数晶面构成的三角化二十面体 Pt 纳米晶。实验结果证实，成
核过程以及方波的下限（EL）和上限（EU）电位对三角化二十面体 Pt 纳米晶的
形成起到重要的作用，即晶核的存在、以及在下限电位晶体生长和在上限电位表
面吸附的周期性协同作用是形成{771}高指数晶面结构的三角化二十面体Pt纳米
晶的关键因素。所制备的三角化二十面体 Pt纳米晶因其表面为{771}高指数晶面
结构，具有高密度台阶原子，在酸性介质中对乙醇电氧化的催化活性和稳定性显
著优于商业 Pt 黑催化剂。 
2. 在该低共熔溶剂介质中进一步通过电化学形状控制合成由 120个{631}高
指数晶面构成的凹六角化二十面体 Pd纳米晶。研究表明，Pd凹六角化二十面体
的形成以及从八面体、二十面体到凹六角化二十面体的形状演变受方波上限电位
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显著影响。经原位 FTIR 光谱研究指出：在上限电位作用下，低共熔溶剂中尿素
物种在 Pd 纳米晶体的表面吸附对凹六角化二十面体的形成起到关键作用。在碱
性介质中，所制备的由 120个{631}高指数晶面围成的 Pd凹六角化二十面体对乙
醇电氧化的催化活性高于由{111}低指数晶面围成的 Pd多面体（八面体和二十面
体）。 
3. 运用程序电位阶跃法，通过系统调控晶核和生长电位，在该低共熔溶剂
介质中成功合成出由{991}高指数晶面构成的凹三八面体、{421}高指数晶面构成
的凹六八面体，{331}和{711}高指数晶面构成的星形 Au纳米晶体。该研究结果
证实了生长电位和有无晶核及晶核的尺寸是调控纳米晶体表面结构的有效手段。
在碱性介质中，所制备的高指数晶面结构 Au 纳米晶体对葡萄糖电氧化的催化活
性显著优于多晶 Au 电极。对于三种不同表面结构的凹三八面体、凹六八面体和
星形 Au纳米晶体来说，在低电位（-0.35 V）下对葡萄糖电氧化的活性增强次序
为：凹六八面体＜星形＜凹三八面体；在高电位（0.25 V）下活性增强次序为：
凹三八面体＜星形＜凹六八面体。这说明葡萄糖的电氧化活性与 Au 纳米晶体的
表面结构密切联系。 
4. 运用恒电位法系统调节生长过电位，实现了 Au的凹菱形十二面体到凹立
方体到八足凹面体到局部中空的八面体演变。该研究结果显示低共熔溶剂与电化
学方法的结合为 Au 纳米晶体的形状控制合成及形状演变提供了一个新的策略，
展示出广阔的空间。 
本论文发展了非水介质氯化胆碱-尿素基低共熔溶剂中贵金属纳米晶体表面
结构控制和生长的电化学方法，成功合成出高指数晶面结构的三角化二十面体
Pt 纳米晶、凹六角化二十面体 Pd 纳米晶以及凹三八面体、凹六八面体和星形
Au 纳米晶体；此外，还实现了由凹菱形十二面体到凹立方体到八足凹面体到局
部中空八面体 Au纳米晶的形状演变。本研究工作进一步丰富了金属纳米晶体形
状控制合成的内涵，深入认识了金属晶体在非水介质低共熔溶剂中的生长规律，
同时为高指数晶面纳米晶体的形状控制合成提供了一种有效的新途径。本论文所
研制的高指数晶面结构贵金属 Pt、Pd、Au纳米晶体表现出优异的催化活性和稳
定性，在低温直接燃料电池以及其他重要应用领域具有潜在的应用前景。 
关键词：贵金属纳米晶体，形状控制合成，高指数晶面，低共熔溶剂，电催化 
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Abstract 
Precious metal nanomaterials possess excellent catalytic performance, and have 
been widely and indispensably used as catalysts in the fields of petrochemical industry, 
fuel cells and automobile exhaust purification, etc. Because of both catalysis and 
electro-catalysis involving surface reaction, the catalytic performance of metal 
nanocatalysts is closely dependent on their surface structure. A large number of 
fundamental researches of metal single crystal electrodes used as model catalysts have 
indicated that high-index faceted nanocrystals (HIF-NCs) of precious metals (e.g., Pd, 
Pt, Au, etc.) display markedly higher catalytic activity than those of NCs bounded by 
low-index facets (LIFs), since the high-index facets (HIFs) have a higher density of 
low-coordinated atoms such as steps, ledges and kinks, which constitute catalytic 
centers. However, the HIFs always hold a higher surface energy, and they are 
disappearing during the growth of a nanoparticle in a conventional synthesis process, 
owing to that the thermodynamics requires minimization of total surface energy of 
NCs. As a consequence, only those NCs enclosed by LIFs and with low total surface 
energy could be obtained. Therefore, the synthesis of HIF-NCs is still a challenge. 
Deep eutectic solvent (DES) is an ionic liquids (ILs) analogues, which has 
excellent physicochemical properties such as good conductivity and wide 
electrochemical potential window. It is an alternative medium in electrochemical 
shape-controlled synthesis of HIF-NCs. 
In this thesis, the electrochemical shape-controlled synthesis method in choline 
chloride (ChCl)-urea based DES has been developed for preparation of Pt, Pd and Au 
NCs bound with HIFs. It has demonstrated that the as-prepared HIF-NCs display 
superior catalytic activity and stability. The main conclusions are as following: 
1. Triambic icosahedral (TIH) Pt NCs bound with {771} HIFs were successfully 
prepared for the first time by the electrochemical method in ChCl-urea based DES. It 
has been found that both the nucleation and the upper (EU) and lower (EL) limits of 
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square-wave potential applied in the synthesis play a key role in controlling the shape 
of Pt NCs. The generation of TIH Pt NCs enclosed with {771} HIFs was achieved 
pivotally by the dynamic interaction between surface adsorption at EU and growth at 
EL, with the present of Pt crystal nucleus. Thanks to the high-density atomic steps, the 
as-synthesized TIH Pt NCs show superior catalytic activity and stability comparation 
with commercial Pt black catalyst towards ethanol electro-oxidation in acid medium. 
2. Concave-disdyakis triacontahedral (C-DTH) Pd NCs bound with 120 {631} 
HIFs were constructed by electrochemical shape-controlling synthesis in the DES. 
The formation of C-DTH Pd NCs with well-defined shape was achieved by the 
dynamic interaction between urea adsorption at EU and growth at EL. In-situ FTIR 
spectroscopic studies revealed that the urea adsorbates at EU play a crucial role in 
shape evolution, especially in the production of C-DTH Pd NCs. It was demonstrated 
that the as-synthesized C-DTH Pd NCs bound with {631} HIFs display higher 
electrocatalytic activity than Pd NCs of other shapes enclosed by {111} low-index 
facets (octahedral (OH) and icosahedral (IH)) towards ethanol electro-oxidation in 
alkaline medium. 
3. {991} high-index faceted concave trioctahedral (TOH), {421} high-index 
faceted concave hexoctahedral (HOH), {331} and {711} high-index faceted stellated 
Au NCs were prepared by using a programed potential-step method in the DES. The 
synthesis of Au NCs enclosed by HIFs was successfully carried out by systematically 
controlling the synthesis parameters, including the seed crystals and the growth 
potential, etc. The results revealed that both the seed crystals and the growth potential 
play a key role in tunning the surface structure of NCs. It was confirmed that concave 
TOH, concave HOH and stellated Au NCs exhibited higher electrocatalytic activity 
than polycrystalline Au electrode for glucose electro-oxidation in alkaline media, 
owning to their high-density step and kink atoms. For concave TOH, concave HOH 
and stellated Au NCs, therein, the electrocatalytic activity at lower potential (-0.35 V) 
increases in the order: concave HOH < stellated < concave TOH; at higher potential 
(0.25 V): concave TOH < stellated < concave HOH. It suggests that the catalytic 
performance of glucose electro-oxidation is closely dependent on the shape/surface 
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structure of Au NCs. 
4. The shape evolution of concave Au NCs from concave rhombic dodecahedron 
to concave cube, to octopod, and finally to part hollow octahedron was successfully 
performed by using a constant potential route via carefully adjusting the growth 
overpotential. It has illustrated a new and open route to improve the shape-controlled 
synthesis and evolution of Au NCs by combining DES with electrochemical method. 
By developing the electrochemical method in ChCl-urea based DES in this thesis 
to adjust and control surface structure and growth of precious metal NCs, we have 
successfully prepared TIH Pt NCs, C-DTH Pd NCs and concave TOH, concave HOH 
and stellated Au NCs bound with HIFs, and realized a shape evolution of concave Au 
NCs from concave rhombic dodecahedron to concave cube, to octopod, and finally to 
part hollow octahedron. The present study has enriched the contents of 
shape-controlled synthesis of HIF-NCs, deepened the understanding of the growth 
habits of HIF-NCs in non-aqueous system, DES medium, and made a significant 
progress in the shape-controlled synthesis of HIF-NCs. The as-synthesized Pt, Pd and 
Au NCs bounded by HIFs exhibited superior electrocatalytic activity and stability, 
showing a potential prospect in fuel cells and other important applications. 
Key words: precious metal nanocrystals, shape-controlled synthesis, high-index 
facets, deep eutectic solvent, electrocatalysis 
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